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ABSTRACT 

N u c l e a r  emul s ions  e x p o s e d  t o  t h e  cosmic r a d i a t i o n  over  F o r t  

C h u r c h i l l ,  Mani toba ,  Canada (geomagne t i c  l a t i t u d e  = 7 3 O  N )  a t  a n  

a l t i t u d e  o f  1 2 0 , 0 0 0  f e e t  f o r  1 3  h o u r s  a n d  5 2  m i n u t e s  on  August  

4 ,  1 9 6 2  have been used  t o  d e t e r m i n e  t h e  f l u x  o f  hydrogen  n u c l e i  

i n  t h e  p r i m a r y  cosmic r a d i a t i o n .  The f l u x  a t  t h e  t o p  o f  t h e  a t -  

mosphere i s  found t o  b e  9 7 8  2 125  p r o t o n s  p e r  sec p e r  meter2 s terad 
+34.7 

w i t h  k i n e t i c  e n e r g i e s  greater t h a n  3 7 5 . 3  -38.4 MeV.  

INTRODUCTION 

I n  any e x p e r i m e n t  t o  measu re  t h e  f l u x  of t h e  p r i m a r y  hydrogen  

n u c l e i  i n  t h e  cosmic r a d i a t i o n ,  one  i s  beset w i t h  t h e  p rob lem o f  

a l b e d o .  The a l b e d o  i s  d i v i d e d  i n t o  t w o  classes,  t h e  " s p l a s h "  a n d  

t h e  " r e e n t r a n t "  a l b e d o .  Those  s e c o n d a r i e s  which move i n  a n  upward 

d i r e c t i o n ,  i n t o  t h e  de tec tor  c o n s t i t u t e  t h e  ' ' s p l a s h "  a l b e d o  a n d  are 

p r e d o m i n a n t l y  made up o f  h i g h  e n e r g y  e l e c t r o n s  ( a c c o r d i n g  t o  t h e  ex-  

p e r i m e n t a l  e v i d e n c e  p r e s e n t e d  by  McDonald and  Webber!') ) The " s p l a s h "  

a l b e d o  p a r t i c l e s  c a n  be d i s t i n g u i s h e d  from t h o s e  o f  t h e  p r i m a r y  

r a d i a t i o n  o n l y  be d e t e c t o r s  which have  d i r e c t i o n a l  s e n s i t i v i t y .  The 

Cerenkov s c i n t i l l a t o r  a r r a y  o f  McDonald and  Webber p r o v i d e d  s u c h  a n  

a r r a y  which  w a s  a b l e  t o  d i s c r i m i n a t e  a d e q u a t e l y  a g a i n s t  t h e  l a r g e  

background of upward moving par t ic les .  

The e a r t h ' s  m a g n e t i c  f i e l d  ac t s  on t h e  " s p l a s h "  a l b e d o  and  a 

p o r t i o n  of it w i l l  r e e n t e r  t h e  a tmosphe re  and  form t h e  " r e e n t r a n t "  

albedo. The Cerenkov s c i n t i l l a t o r  method c a n n o t  d i s t i n g u i s h  t h e  

" r e e n t r a n t "  a l b e d o  from t h e  p r i m a r y  p a r t i c l e s  due  t o  t h e  f a c t  t h a t  

t h e  " r e e n t r a n t "  a l b e d o  e n t e r s  t h e  Cerenkov c o u n t e r  i n  t h e  same d i r -  - 

e c t i o n  as t h e  p r i m a r y  pa r t i c l e s .  
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c 

Waddington ( 2 )  described a method o f  d e t e r m i n i n g  t h e  f l u x  o f  

p r i m a r y  p r o t o n s  u s i n g  n u c l e a r  e m u l s i o n s  which w a s  ab le  t o  e l i m i n a t e  

t h e  s p l a s 4  a l b e d o  and  a lso t o  reduce  t h e  p rob lem of t h e  " r e e n t r a n t "  

albedo t o  a c e r t a i n  e x t e n t  i n  t h a t  it d i s c r i m i n a t e s  a g a i n s t  non- 

n u c l e o n i c  p a r t i c l e s .  I n  t h i s  method, t h e  number of i n t e r a c t i o n s  o r  

s tars  p roduced  b y  s i n g l y  c h a r g e d  par t ic les  i n  a g i v e n  bolume of t h e  

e m u l s i o n  i s  d e t e r m i n e d ;  t h e s e  p a r t i c l e s  are  r e q u i r e d  t o  be i n c i d e n t  

f rom t h e  u p p e r  hemisphe re  and  a r e  assumed t o  be p r i m a r y  p r o t o n s .  

The f l u x  of t h e  p r o t o n s  a t  t h e  t o p  of t h e  a tmosphe re  d e t e r m i n e d  by  

Waddington i n  t h i s  way u s i n g  t h e  n u c l e a r  e m u l s i o n  t e c h n i q u e  h a s  

b e e n  found  t o  a g r e e  w i t h  t h a t  o b t a i n e d  by McDonald and  Webber with 
U a .  a y r 3 y r s  L U J  of CerenL,=qVr scint-llat=r c~ufit-r-. 

I n  t h i s  e x p e r i m e n t ,  t h e  f l u x  o f  p r o t o n s  h a v i n g  k i n e t i c  e n e r g i e s  
+34.7 
- 3 8 , 4  Mev i n  t h e  p r i m a r y  cosmic r a d i a t i o n  over g r e a t e r  t h a n  375.3 

F o r t  C h u r c h i l l ,  Man i toba ,  Canada ( g e o m a g n e t i c  l a t i t u d e  = 73ON) o n  

Augus t  4 ,  1962 ,  h a s  been  d e t e r m i n e d  u s i n g  Wadd ing ton ' s  m e t h o d .  

EXPERIMENTAL DETAILS 

F l i g h t  d e t a i l s  

A n u c l e a r  e m u l s i o n  s t a c k  was exposed  t o  t h e  cosmic r a d i a t i o n  

over F o r t  C h u r c h i l l ,  Man i toba ,  Canada ( g e o m a g n e t i c  l a t i t u d e  = 73ON) 

o n  a s t r a t o p h e r i c  b a l l o o n  l a u n c h e d  on  Augus t  4, 1962.  The p l a n e  o f  

t h e  e m u l s i o n  s t a c k  w a s  k e p t  h o r i z o n t a l  u n t i l  t h e  b a l l o o n  r e a c h e d  

i t s  f l o a t i n g  a l t i t u d e  and  w a s  t h e n  ro ta ted  t h r o u g h  90° so t h a t  it 

became v e r t i c a l .  The d u r a t i o n  of f l i g h t  a t  t h e  c e i l i n g  a l t i t u d e  

w a s  1 3  h o u r s  and  52 m i n u t e s  w i t h  a n  average amount o f  4 . 2  gms/cm 2 

of r e s i d u a l  a tmosphe re  above t h e  s t a c k .  The p a c k i n g  mater ia l  

c o n t r i b u t e d  a n  a d d i t i o n a l  0 . 5  gm/cm2 f o r  t h i s  v e r t i c a l  geomet ry .  

The t r a j e c t o r y  o f  t h e  b a l l o o n  was s u c h  t h a t  w h i l e  a t  c e i l i n g  a l t i -  

t u d e ,  it m a i n t a i n e d  a n  almost c o n s t a n t  l a t i t u d e .  The f l i g h t  c u r v e  
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i s  a t t a c h e d  a s  F i g .  1. 

The emuls ion  s t a c k  c o n s i s t e d  of 112 I l f o r d  G-5 and  K-2 e m u l s i o n s  

2 0  c m  x 25 cm each o f  t h i c k n e s s  600  m i c r o n ,  ( w i t h  a K-2 e m u l s i o n  

a f t e r  e v e r y  t h r e e  G-5 e m u l s i o n s ) .  I n  a d d i t i o n ,  t h e r e  were 1 9  Kodak 

NT-B4 e m u l s i o n s  ( 2 0  c m  x 25 c m )  o f  625 mic ron  t h i c k n e s s  a t  o n e  e n d  

o f  t h e  s t a c k  ( n o t  u t i l i z e d  i n  t h i s  e x p e r i m e n t ) .  

S c a n n i n g  p r o c e d u r e  

L i n e s ,  a l l  o f  which  were w i t h i n  1 c m .  f rom t h e  t o p  o f  t h e  s t a c k  

w e r e  s canned  f o r  s ta rs  which s a t i s f i e d  t h e  f o l l o w i n g  c r i t e r i a :  

a. Each s t a r  s h o u l d  have  a t  l ea s t  t h r e e  b l ack  and  ( o r l g r e y  p r o n g s  

b. A t  l ea s t  one  p rong  s h o u l d  have a t r a c k  l e n g t h  g r e a t e r  t h a n  6 0  

m i c r o n s .  ( T h i s  c r i t e r i a  h a s  been  u s e d  t o  e n s u r e  t h a t  stars 

due  t o  r a d i o  a c t i v e  i m p r i t i e s  i n  t h e  e m u l s i o n  a re  n o t  i n c l u d e d ) .  

The s c a n n i n g  w a s  done  i n  s u c h  a way t h a t  t h e  f i e l d s  of view 

o v e r l a p p e d  a l o n g  t h e  l i n e s  scanned  w h i c h  w a s  c a r r i e d  o u t  u n d e r  a 

t o t a l  m a g n i f i c a t i o n  o f  x 315; f u r t h e r  e x a m i n a t i o n  w a s  done u n d e r  

o i l  immersion a t  x 6 0 0  m a g n i f i c a t i o n .  

Using t h e  above  c r i t e r i a  1929 stars w e r e  o b s e r v e d  i n  a volume 

of 0 . 6 4 1 8  x c u b i c  meters. 

A n a l y s i s  o f  s ta rs  

These  s ta rs  were t h e n  f u r t h e r  c a r e f u l l y  examined u n d e r  a h i g h  

m a g n i f i c a t i o n  of x 1500 u s i n g  o i l  immersion.  Each s t a r  w a s  examined  

f o r  t h e  number o f  b l a c k  and  g r e y  p r o n g s  ( N h )  and  t h e  number o f  

shower  t racks  (Ns) associated w i t h  it. The p r e s e n c e  of a shower 

t r a c k  i n  t h e  u p p e r  hemisphe re  w a s  t a k e n  as e v i d e n c e  t h a t  it w a s  t h e  

p r i m a r y  and  w a s  assumed t o  b e  a p r o t o n .  The z e n i t h  a n g l e  o f  t h e  

shower  t rack  w a s  t h e n  d e t e r m i n e d .  When t h e r e  w a s  more t h a n  one  

shower  t r a c k  associated w i t h  t h e  i n t e r a c t i o n ,  t h e  z e n i t h  a n g l e s  of 
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I ’  

a l l  shower t r a c k s  were d e t e r m i n e d .  

Dur ing  t h i s  e x a m i n a t i o n  of t h e  s t a r s ,  t h e  f o l l o w i n g  a d d i t i o n a l  

c o n d i t i o n s  were imposed on t h e  a c c e p t a n c e  o f  t h e s e  s tars  f o r  i n c l u -  

s i o n  i n  t h e  a n a l y s i s :  

a )  Only t h o s e  stars which had  N h t  5 were a c c e p t e d  i n  order t o  

have  a v e r y  h i g h  s c a n n i n g  e f f i c i e n c y .  

b )  Only t h o s e  stars which l a y  i n  t h e  r e g i o n  e x c l u d i n g  30 m i c r o n s  

f r o m  a i r  and  30 microns  f rom g l a s s  w e r e  a c c e p t e d .  

c)  Only t h o s e  s tars  which had  a shower  t r a c k  i n  t h e  u p p e r  hemis-  

p h e r e  w i t h  z e n i t h  a n g l e  less t h a n  60° w i t h  r e s p e c t  t o  t h e  

ve r t i ca l  d i r e c t i o n  were a c c e p t e d .  

I d e n t i f i c a t i o n  o f  p r i m a r y  p a r t i c l e s  

When a s t a r  had  more t h a n  one  minimum t r a c k  a s s o c i a t e d  w i t h  i t ,  

i t  w a s  d i f f i c u l t  t o  decide which t r ack  r e p r e s e n t s  t h e  p r i m a r y  p a r t i c l e .  

I n  s tars  w i t h  t h r e e  or more a s s o c i a t e d  minimum t r a c k s ,  t h e  p r i m a r y  

track i s  t a k e n  as t h a t  wh ich  r e s u l t s  i n  t h e  l ea s t  sum of t h e  a n g l e s  

t h a t  t h e  other  minimum t r a c k s  make w i t h  t h e  d i r e c t i o n  of t h e  assumed 

p r i a a r y .  F o r  s tars w i t h  t w o  minimum t r acks ,  o n e  o f  which f u l f u l l s  

o u r  c r i t e r i o n ,  a w e i g h t  w a s  g i v e n .  

A t o t a l  number of 123 stars w i t h  N h t 5 ,  e a c h  o f  which  h a d  a min i -  

mum i o n i z i n g  t r a c k  i n  t h e  uppe r  hemisphe re  w i t h  z e n i t h  a n g l e  less 

t h a n  60° were o b t a i n e d .  

t h e  t o t a l  corrected number was 112 .5 .  

A f t e r  g i v i n g  w e i g h t  t o  some o f  t h e  s tars,  

C o r r e c t i o n  f o r  s c a n n i n g  e f f i c i e n c y  

The e f f i c i e n c i e s  of t h e  t w g  s c a n n e r s  who worked i n  t h i s  e x p e r i -  

mentwere found  t o  be 97% and  8 9 %  r e s p e c t i v e l y .  The number of stars 

became 1 2 3 . 6  a f t e r  c o r r e c t i n g  f o r  s c a n n i n g  e f f i c i e n c y  t a k i n g  e v e n t s  

up t o  a maximum z e n i t h  a n g l e  of 60°. 
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E f f i c i e n c y  of d e t e c t i o n  o f  t h e  p r i m a r y  p a r t i c l e  

Assuming an i s o t r o p i c  d i s t r i b u t i o n  o f  z e n i t h  a n g l e s  f o r  -he  

i n c i d e n t  p r imary  p a r t i c l e s ,  ( 3 )  t h e  z e n i t h  a n g l e  d i s t r i b u t i o n  o f  t h e  

number o f  stars per u n i t  s o l i d  a n g l e  must  g i v e  an  i n d i c a t i o n  as t o  

w h e t h e r  some o f  t h e  minimum t r a c k s  due  t o  p r i m a r y  p a r t i c l e s  have  

been  missed  o r  n o t .  The z e n i t h  a n g l e  d i s t r i b u t i o n  o f  t h e  number 

o f  p a r t i c l e s  p e r  u n i t  s o l i d  a n g l e ,  g i v e n  i n  F i g .  2, i n d i c a t e d  t h a t  

some o f  t h e  p a r t i c l e s  e n t e r i n g  w i t h  z e n i t h  a n g l e s  be tween 45 a n d  

60° have  been missed. 

f l u x ,  c a l c u l a t e d  w i t h  e v e n t s  up t o  a z e n i t h  a n g l e  o f  60° ,  t o  g i v e  a 

r e s u l t  c o n s i s t e n t  w i t h  t h e  e x p e c t e d  v a l u e .  

0 

Hence, i t  is  n o t  r e a s o n a b l e  t o  e x p e c t  t h e  

The d i s t r i b u t i o n  i n  F i g .  3 c o n s i d e r s  o n l y  e v e n t s  up  t o  a maxi- 

T h i s  d i s t r i b u t i o n  agrees f a i r l y  w e l l  w i t h  m u m  z e n i t h  a n g l e  o f  45O. 

t h e  e x p e c t e d  d i s t r i b u t i o n .  I t  t h u s  seems r e a s o n a b l e  t o  c a l c u l a t e  

t h e  f l u x  u s i n g  t h e  d a t a  ava i l ab le  i n c l u d i n g  t r a c k s  o n l y  u p  t o  a 

maximum z e n i t h  a n g l e  o f  45O. 

Background c o r r e c t i o n  

The s t a r s  o b t a i n e d  i n  t h i s  e x p e r i m e n t  i n c l u d e  background  stars 

which  w e r e  r e c o r d e d  d u r i n g  t h e  e n t i r e  l i f e  o f  t h e  s t ack  b e f o r e  t h e  

f l i g h t .  The p r o c e d u r e  a d o p t e d  t o  e l i m i n a t e  t h e  background  s t a r s  

w a s  as fo l ’ lows:  I n  m o s t  o f  t h e  s ta rs ,  i t  w a s  p o s s i b l e  t o  f i n d  a t  

l e a s t  o n e  t r a c k  which  went  up t o  t h e  g l a s s  o r  a i r  s u r f a c e  w i t h o u t  

s t o p p i n g .  I f  s u c h  a t r a c k  c o n t i n u e d  i n  t h e  n e x t  p l a t e  a l s o ,  i t  

w a s  e v i d e n t  t h a t  t h e  s t a r  had  been  p roduced  d u r i n g  t h e  f l i g h t  f o r  

t h e  s t a c k  was r e s h u f f l e d  f r o m  s t o r a g e  c o n d i t i o n  w h i l e  a s s e m b l i n g  f o r  

t h e  f l i g h t  c o n f i g u r a t i o n ;  where  t h e  t r ack  c o u l d  n o t  be traced i n  t h e  

a d j a c e n t  p l a t e ,  t h e  s t a r  must  have  been  p roduced  d u r i n g  s t o r a g e .  

I n  100 s t a r s  w h i c h  were examined ,  o n l y  o n e  s t a r  w a s  f o u n d  t o  

h a v e  been  produced  i n  s t o r a g e .  Hence t h e  c o r r e c t i o n  f o r  s t o r a g e  
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A s c e n t  and  d e s c e n t  c o r r e c t i o n s  

I t  i s  n o t  r e a l l y  n e c e s s a r y  to a p p l y  a n  a s c e n t  c o r r e c t i o n  i n  

t h i s  e x p e r i m e n t  as t h e  emul s ion  s t a c k  was k e p t  h o r i z o n t a l  u n t i l  i t  

r e a c h e d  t h e  c e i l i n g  a l t i t u t d e  and  t h e n  r o t a t e d  t h r o u g h  90°. 

i t  i s  s t i l l  d e s i r a b l e  t o  work o u t  a rough e s t i m a t e  o f  t h e  c o r r e c t i o n  

However, 

on a c c o u n t  o f  t h e  f a c t  t h a t  p a r t i c l e s  coming a t  l a r g e  z e n i t h  a n g l e s  

d u r i n g  t h e  a s c e n t  m i g h t  s a t i s f y  o u r  z e n i t h  a n g l e  c r i t e r i a .  

The c o r r e c t i o n  c a n  be worked o u t  by making u s e  o f  t h e  f a c t  t h a t  

t h e  f l u x  i s  a t t e n u a t e d  w i t h  a n  a t t e n u a t i o n  l e n g t h  of a b o u t  1 2 0  gm p e r  

c m 2  of air!') n e g l e c t i n g  g e o m e t r i c a l  f a c t o r s ,  t h i s  would y i e l d  a n  

e s t ima te  as  f o l l o w s .  

The package  rises i n  ascent ,  s u c h  t h a t  t h e  a l t i t u d e  ( i n  gms 
2 per  c m  ) as  a f u n c t i o n  of t i m e  i s  h ( t )  = 1 0 0 0  - where 

gm/cm' sec and  LIT i s  t h e  t i m e  t a k e n  t o  

a s c e n d  t o  ho ,  t h e  f l o a t i n g  a l t i t u d e .  

t a k i n g  i n t o  a c c o u n t  b o t h  t h e  i n t e n s i t y  v a r i a t i o n  w i t h  a l t i t u d e  and  

Then a n  a p p r o x i m a t e  f a c t o r  

t h e  t i m e  o f  a s c e n t  i s  g i v e n  by 

AY 

0 

= t i m e  s p e n t  aC t h e  c e i l i n g  a l t i t u d e .  E v a l u a t i o n  g i v e s  a l t .  where  T 

t h e  c o r r e c t i o n  f a c t o r  as 0.01841 ( 1 . 8 % ) .  The d e s c e n t  c o r r e c t i o n  c a n  

be estimated i n  a s i m i l a r  f a s h i o n  and  t u r n s  o u t  t o  be 0 . 6 % .  

C o r r e c t i o n  fo r  t h e  o v e r l y i n q  a tmosphe re  

The f l u x  v a l u e  c a l c u l a t e d  d i r e c t l y  from t h e  e x p e r i m e n t  h a s  t o  

be corrected f o r  t h e  e f f e c t  of  t h e  a t m o s p h e r e  over t h e  f l o a t i n g  

a l t i t u d e  i n  order t o  g e t  t h e  f l u x  a t  t h e  t o p  o f  t h e  a tmosphe re .  
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Waddington ( 2 )  h a s  c o n s t r u c t e d  g rowth  c u r v e s  from t h e o r e t i c a l  

models .  If J ( x , e )  i s  t h e  f l u x  of p r i m a r y  p r o t o n s  a n d  s e c o n d a r y  

p r o t o n s  produced  by p r i m a r y  p r o t o n s  a t  a v e r t i c a l  d e p t h  x a n d  z e n i t h  

a n g l e  9 and if Jo is t h e  f l u x  of p r i m a r y  p r o t o n s  a t  t h e  t o p  of t h e  

P 

where  Ap is t h e  i n t e r a c t i o n  mean f r e e  p a t h  o f  p r o t o n s  i n  a i r  and  

--- a r e  t h e  m u l t i p l i c i t i e s  i n  t h e  f i r s t ,  s e c o n d ,  . . . i n t e r -  “1‘”2 

a c t i o o s .  Wi thout  g o i n g  t o  t h e  growth  c u r v e s  and o b t a i n i n g  a g r a p h i -  

cal s o l u t i o n  o f  J (x, O)/J as done b y  Waddington,  w e  assume a t w o  P 0 

s tage  p r o c e s s  w i t h  n1 = 1 . 5  and  

J p ( x ,  O)/Jo can  be computed;  J (x,O) i s  t h e  i n t e g r a l  f l u x  f r o m  0 t o  
P 

‘max 
v a l u e  x / cose  i s  u s e d  which i s  - 
t e n d s  o v e r  t h e  z e n i t h  a n g l e  v a l u e s  o f  a l l  t h e  d i f f e r e n t  p r i m a r y  

A = 100 gm/cm2 a n d  t h e  r a t i o  P 

( t h e  maximum a n g l e  a c c e p t e d ) .  Here, i n s t e a d  o f  x, t h e  mean 

w h e r e  t h e  summation ex-  x /cos e 
N 

t r a c k s  whose t o t a l  number i s  N .  T h i s  v a l u e  i s  found  t o  b e  5 . 6 1  

gm/cm 2 . Using t h i s  v a l u e  f o r  x i n  t h e  r e l a t i o n  f o r  j ;  c x * o ) / J o  
and t a k i n g  t h e  f i r s t  t w o  t e r m s  w i t h i n  brackets o n l y  J p c X e o ) / 4  

becomes 1 . 0 2 3  a n d  hence  Jo = d , a  c w * 0 ) / ’ * 0 2 3  
I n  a d d i t i o n  t o  t h i s  c o r r e c t i o n ,  a n o t h e r  c o r r e c t i o n  f o r  p r o t o n s  

e n t e r i n g  i n t o  t h e  a tmosphe re  from h e a v i e r  n u c l e i  ( i n  which  t h e y  are 

bound  b e f o r e  e n t e r i n g  t h e  a t m o s p h e r e )  h a s  t o  b e  a p p l i e d .  The rela- 

t i o n  d e r i v e d  by Waddington ( 2 )  assuming t h a t  t h e s e  bound n u c l e i  are i n  

I( 
t h e  form o f  o( p a r t i c l e s  o n l y  i s  ~ - - - 

where  A M  i s  t h e  i n t e r a c t i o n  mean free p a t h  of o( p a r t i c l e s  

i s  t h e  assumed f l u x  of i n  a i r ,  assumed t o  be 1 / 2  A, 
r(0 

and J 
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I '  
? 

d p a r t i c l e s  a t  t h e  t o p  o f  t h e  a tmosphe re .  

( x ,  0 )  c a n  b e  approx ima ted  b y  t a k i n g  
o( 

A/ 

I n  t h i s  case a l so  J 

t h e  v a l u e  of x as  xze . Jo i s  t a k e n  t o  be 1 4 %  o f  t h e  

p r o t o n  f l u x  which is d e t e r m i n e d  l a t e r  as 1004 + 23 p e r  sec p e r  m e t  

p e r  s t e r a d .  Hence JNo = 1 4 1  and  w i t h  A p  = 100  gm/cm2 and  A ,  
(x ,O)  = 26. It c a n  t h e r e f o r e  b e  t a k e n  t h a t  a b o u t  = 50 gm/cm , 

26 p r o t o n s  had  e n t e r e d ,  bound i n  x n u c l e i  i n  t h e  f l u x  c o m p u t e d - i n  

t h e  e x p e r i m e n t .  T h i s  number h a s  t o  be s u b t r a c t e d  from t h e  f l u x  

f i n a l l y  d e t e r m i n e d  from t h e  da ta .  

2 - 

2 
J6 

C o r r e c t i o n  f o r  s tars  w i t h  Nh( 5 

?& mP.-..-..--...--J-- 
~ ~ ~ = ~ ~ U I C I I I C I I L J  t;ere imde on stars w i L h  E < 5 arld to correct 

h 
t h e  da t a  f o r  t h o s e  s t a r s  which have  been  p roduced  by p r i m a r y  p r o t o n s ,  

t h e  e x p e r i m e n t a l  d a t a  a v a i l a b l e  on t h e  i n t e r a c t i o n s  p roduced  i n  

n u c l e a r  e m u l s i o n s  by a r t i f i c i a l l y  a c c e l e r a t e d  p r o t o n s  i s  u s e d .  

T h e  s t a r  s i z e  d i s t r i b u t i o n  f o r  1570 s tars  is  p u b l i s h e d  b y  

Waddington from t h e  d a t a  o f  W i z l e r  e t  a l ;  Ra jopadhaye ,  Aly a n d  

t h e  CERN g r o u p , a n d  g i v e s  a c o r r e c t i o n  f a c t o r  o f  1 .74 + 0.04 for  - 
t o t a l  number o f  s t a r s  
number o f  s tars w i t h  N h 2  5 '  t h e  r a t i o  - t h i s  h a s  been  u s e d  i n  t h i s  

e x p e r i m e n t  t o  c a l c u l a t e  t h e  f l u x  f rom s t a r s  w i t h  Nh< 5 .  

shows t h e  s t a r  s i z e  d i s t r i b u t i o n  o b t a i n e d  i n  t h i s  e x p e r i m e n t  n o r -  

F i g .  3 

m a l i z e d  a t  Nh = 

R e s u l t s  

5 .  

The number 

w a s  96 .7  t a k i n g  

o f  s ta rs ,  a f t e r  c o r r e c t i n g  f o r  s c a n n i n g  e f f i c i e n c y ,  

o n l y  t h o s e  up t o  a maximum z e n i t h  a n g l e  of 45 0 . 
On c o r r e c t i n g  f o r  s t o r a g e ,  t h i s  becomes 95.8.  T h i s , ' w h e n  d iv ided  by 

- 

1 . 0 2 3  f o r  Jo = J p  CXP) gave  93.7.  On a p p l y i n g  a n  a s c e n t  correc- 
/ . a L 3  

t i o n  of 0 . 6 %  t h e  number becomes 9 1 . 4 .  T h i s  w i l l  h a v e  t o  be 
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m u l t i p l i e d  by 1 .74  - + 0.04 t o  correct f o r  s tars  w i t h  Nh( 5. 

p r i m a r y  f l u x  i s  re la ted  t o  t h a t  o b s e r v e d  as: 

The 

x dAf 
d V 4 t  G 

F l u x  = - 
The v a l u e  of )r , t h e  i n t e r a c t i o n  mean f r e e  p a t h  of p r o t o n s  i n  

e m u l s i o n  i s  t a k e n  as  ( 3 7 . 2  - + 0 .8 )  c m .  

N =  

A V  = 

G =  

4 t  = 

F l u x  = 

91.43  x (1.74 - + 0 .04)  pa r t i c l e s  

Volume o f  e m u l s i o n  = 0.6418 x c u b i c  meters 

Geometrical f a c t o r  f o r  45 = 1.8402 s terad 

4.992 x 1 0  secs. 

1 0 0 4  + - 125 p a r t i c l e s  p e r  sec p e r  m e t  . 

0 

4 

2 

From t h i s  number, 26 p a r t i c l e s  p e r  s terad have  t o  be s u b t r a c t e d  as 

a c o r r e c t i o n  f o r  p r o t o n s  e n t e r i n g  t h e  a tmosphe re  bound i n  n u c l e i .  
L Hence t h e  f l u x  f i n a l l y  becomes 978 + - 125  p a r t i c l e s  p e r  sec p e r  m 

p e r  s te rad .  

D i s c u s s i o n  of  r e s u l t s  

From t h e  n e u t r o n  m o n i t o r  data  a v a i l a b l e  f o r  Augus t  4 ,  1 9 6 2 ,  

it i s  p o s s i b l e  t o  a r r i v e  a t  a n  a p p r o x i m a t e  v a l u e  o f  t h e  p r o t o n  f l u x  

t o  be expected over F o r t  C h u r c h i l l  on t h a t  day .  

The n e u t r o n  coun t . -ove r  Cl imax (Colorado) on  Augus t  4 ,  1 9 6 4 ,  

w a s  3073.8.  The r a t i o  o f  n e u t r o n  c o u n t  ra te  o v e r  M t .  Washington  

is  2.76 + 0.08 as g i v e n  by  Webber. ( 6 )  

M t .  Washington on t h a t  day  s h o u l d  h a v e  b e e n  2226 - + 70. I t  i s  

p o s s i b l e  t o  c o n s t r u c t  a c u r v e  r e l a t i n g  i n t e n s i t y  of p r o t o n s  o f  

r i g i d i t y  over 2 BV c o r r e s p o n d i n g  t o  t h e  minimum e n e r g y  o f  p r o t o n s  

a n d  t h e  n e u t r o n  c o u n t  r a t e  over M t .  Washington  f rom t h e  c u r v e s  

g i v e n  by Webber. ( 6 )  

f l u x  c o r r e s p o n d i n g  t o  n e u t r o n  c o u n t  o f  2226 5 70 i s  1260 + - 120 

p a r t i c l e s .  T h i s  f l u x  i s  o f  r i g i d i t y  o v e r  2 BV or t o t a l  e n e r g y  over 

Hence,  t h e  c o u n t  rate over - 

From t h e  c u r v e  c o n s t r u c t e d  ( F i g .  5 )  t h e  p r o t o n  

1 . 3  Bev. But  t h e  minimum e n e r g y  o f  p r o t o n s  i n  t h i s  e x p e r i m e n t  
~~ ~~ ~ 
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d 
is ( 1 . 3 1 3  - .035 B v .  Assuming t h e  power l a w  N ( > E )  = KE- where  

$ h a s  been  t a k e n  as 1 . 4 ,  i t  is  c a l c u l a t e d  t h a t  t h e  f l u x  of p r o t o n  

over  (1 .3 .3  +'038)Bv -.035 o n  t h e  day of f l i g h t  i s  (1243 +146) -114 p r o t o n s  p e r  

meter2 p e r  s t e r a d .  The ag reemen t  is c o n s i d e r e d  s a t i s f a c t o r y .  

ACKNOWLEDGMENT 

I a m  g r a t e f u l  t o  P r o f e s s o r  Morton F. Kaplon f o r  g u i d i n g  m e  i n  

t h i s  p r o j e c t .  My t h a n k s  are due t o  D r .  M.V.K.  Appa Rao, D r .  P. J. 

L a v a k a r e ,  M r .  G. Skadron  and  M r .  G.  D. Badhwar f o r  t h e i r  v a l u a b l e  

s u g g e s t i o n .  

My t h a n k s  are a l so  due  t o  M r s .  V. P .  Mi l le r  and  M r s .  K .  B a n s a l  

for t h e  p a t i e n c e  and  s k i l l  w i t h  w h i c h  t h e y  pe r fo rmed  t h e  s c a n n i n g .  

I a m  g r a t e f u l  t o  t h e  Danfo r th  F o u n d a t i o n ,  S t .  L o u i s ,  M i s s o u r i  

f o r  g r a n t i n g  m e  t h e i r  f e l l o w s h i p  and  t o  t h e  a u t h o r i t i e s  of Jamal 

Mchamed C o l l e g e ,  T i r u c h i r a p a l l i ,  India for g r a n t i n g  m e  leave of 

a b s e n c e .  



-12-  

REFERENCES 

1. 

2. 

3. 

4 .  

5. 

6. 

F. B. McDonald and  W .  R. Webber, P h y s i c a l  R e v i e w  - 1 1 5 ,  194  ( 1 9 5 9 ) .  

C.  J. Waddington,  P h i l .  Mag. - 5 ,  1 1 0 5  ( 1 9 6 0 ) .  

B.  Rossi, P r o c e e d i n g s  of t h e  Moscow C o s m i c  Ray Conference  

- 11, 1 8  (Moscow, 1 9 6 0 ) .  

A. W. W o l f e n d a l e  C o s m i c  Rays, 1 2 5  ( 1 9 6 3 ) .  

C. J. Waddington,  P h i l .  Mag. - 6 ,  965  ( 1 9 6 1 ) .  

W. R. Webber, "Time V a r i a t i o n s  i n  Low R i g i d i t y  C o s m i c  Rays" ,  

P r o g r e s s  - I n  E l e m e n t a r y  P a r t i c l e  - and C o s m i c  Ray P h y s i c s ,  V I ,  

75 ( 1 9 6 2 ) .  



i 
i 

i 
1 

'z 

Q 

Q 

. . 
\ 

e 



60 

50 

40 

30 

2 0  

IO 

0 

. 
\ 

T 

a 

1 

15 .- 30 45 

ZENITH ANGLE 

60 



8 

\ 

I' 
8' 

GC 

50 

40 

30 

20 

IO 

0 

' T  

I 

. 
d 

30 

ZENITH ANGLE 

45 



160 

I40 

I20 

100 

SO 

6 0  

40 

20 

I 

E X PER l MEN TAL 01 ST R 1 8 UTI 0 N 
NORMALIZED TO ACCELERATOR 

-7 PROTON DATA AT Nh=5 
I 

ACCELERATOR PROTON STARS L- ---- 
f % 

, *  

. , na .. 

. . .- .. 

4 8 ' 12 16 2 0 .  24 28 

4 Nh \> 



I 
1 
1 
1 
I 
I’ 
1’ 
8 
1 
1 
1 
D 
I 
I ’  
8 
I 
1 
U 
1 

I 

? 

17oc 

160C 

1 5 0 C  

1400 

I300 

1200 

1100 

too0 

so0 

GOO 

. -  

. 
... 

’ ,  . : 

‘C 

P 

I I I 

2000 2i00 22c 

L 

1 1 1 

1 2300 2400 2500 

NETURON COUNT RATE OVER MTWASHINGTON 
.. 


